We report on the role of intrinsic ͑adhesion force and wettability͒ and extrinsic ͑temperature and pressure͒ conditions to fabricate dense nanoscale patterns in detachment nanolithography. A phase diagram is constructed by using a rigiflex polymeric mold, an organic film, and silicon or gold substrate. Operating conditions in terms of surface tensions and processing parameters are discussed along with comparison of the minimum resolution with a simple theory. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2937143͔ Detachment nanolithography is a reverse process of additive transfer methods 1 and provides an alternative route to the fabrication of nanoscale patterns in a simple, one-step manner. A number of detachment-based patterning methods have been introduced with different mold ͑polymer, silicon͒ and film materials ͑metal, polymer, or organic layer͒.
We report on the role of intrinsic ͑adhesion force and wettability͒ and extrinsic ͑temperature and pressure͒ conditions to fabricate dense nanoscale patterns in detachment nanolithography. A phase diagram is constructed by using a rigiflex polymeric mold, an organic film, and silicon or gold substrate. Operating conditions in terms of surface tensions and processing parameters are discussed along with comparison of the minimum resolution with a simple theory. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2937143͔ Detachment nanolithography is a reverse process of additive transfer methods 1 and provides an alternative route to the fabrication of nanoscale patterns in a simple, one-step manner. A number of detachment-based patterning methods have been introduced with different mold ͑polymer, silicon͒ and film materials ͑metal, polymer, or organic layer͒. [2] [3] [4] [5] A key operating condition is a reasonable difference in adhesive forces between the mold/film interface ͑W 12 ͒ and the film/substrate interface ͑W 23 ͒, i.e., W 12 Ͼ W 23 . Despite extensive works in this field, the role of film wettability and process parameters as well as the interplay between them has not been well addressed. In this letter, we report on the effects of thermodynamic ͑adhesive forces and wettability͒ and process conditions ͑temperature and pressure͒ to realize dense nanoscale patterns in a typical experimental setup of detachment nanolithography.
For experiments, a nanoscale silicon master having 70 nm line-and-space patterns ͑150 nm height, number of lines= 36 per repeating unit͒ was used. The detailed geometry is shown in Fig. 1 . A rigiflex polymeric mold of ultraviolet curable polyurethane acrylate ͑PUA͒ was replicated from this silicon master, which was used to detach nanoscale patterns from an underlying layer of 4 , 4Ј-bis͓N-1-napthyl-N-phenyl-amino͔biphenyl ͑NPB͒. Details on the synthesis and characterization of the PUA material were published elsewhere. 6 Silicon ͑100͒ or gold-coated silicon wafer with a thickness of 100 nm using Ti ͑50 nm͒ as an adhesion promoter ͑MHS1500A metal sputter, Moohan Co., Korea͒ was used as the substrate. For a detached layer, NPB was used instead of a polymer film because of its lower cohesion energy and stability in air. 5 The thickness of NPB layer was 80-150 nm, as measured by ellipsometry ͑L116B, Gaertner, USA͒ and rms roughness was ϳ1.8 nm. To achieve conformal contact between the mold and the substrate with uniform pressure distribution, a hydraulic pressure of 0.2-2 bars was applied on the mold after inserting a thin polydimethyl siloxane ͑PDMS͒ slab as a buffer layer. While applying a pressure, temperature was increased to 90°C for 20 min on a hot plate. The glass transition temperature ͑T g ͒ of NPB is ϳ96°C. Then, the sandwiched assembly of PDMS slab and PUA mold was disintegrated after cooling to room temperature ͑cooling rate ϳ2°C/ min͒ by using a sharp tweezer. The mold was fast removed from the substrate since a high detachment rate was reported to improve the physical removal of material from selected regions of a substrate. 7 However, no significant difference in surface morphologies was observed for relatively slow detachment rates and different cooling rates. Detached patterns were examined by scanning electron microscopy ͑SEM͒ ͑S-48000, Hitachi Co., Japan͒ and atomic force microscopy ͑AFM͒ ͑XE-150, PSIA Co., Korea͒ measurements. Some AFM images were flatted but not further manipulated. A Ramé-Hart goniometer ͑Mountain Lakes͒ equipped with a video camera was used to measure static contact angles. Figure 2͑a͒ shows a phase diagram for four distinct surface morphologies ͑types I-IV͒ along with the corresponding SEM images, as dictated by the thermodynamic variables of spreading coefficient ͑S͒ and work of adhesion ratio ͑W 12 / W 23 ͒. The demarcation lines are drawn from thermodynamic considerations and some mixed morphologies were observed near the vertical demarcation lines between types I and III and types II and IV. To construct this phase diagram, temperature and pressure were maintained constant at 90°C and 1 bar, respectively. Also, surface energy and work of adhesion at the mold/film and the film/substrate interfaces were evaluated through the procedure reported earlier.
Calculated values were W PUA/NPB = 72.8 mJ/ m 2 , W NPB/Si = 59.7 mJ/ m 2 , and W NPB/Au = 71.7 mJ/ m 2 , which satisfy the operation condition of detachment ͑W 12 Ͼ W 23 ͒. The spreading coefficient of a film is given by
where ␥ 3 is the surface energy of substrate, ␥ 2 is the surface energy of film, and ␥ 23 is the interfacial energy. If S is positive, the film wets the substrate and no dewetting occurs. If S is negative, the film is thermodynamically unstable, which results in a dewetting at elevated temperatures or at room temperature in the case of a viscous liquid. 9 S can be obtained from the relation
In order to test for four different regimes in Fig. 2͑a͒ , various combinations in terms of S and W 12 / W 23 were examined by using two PUA molds with different surface tensions ͑␥ 1 = ␥ PUA = 55.8 or 32.8 mJ/ m 2 ͒ and two substrates of silicon and gold-coated silicon wafers. Several notable findings are derived from the figure.
First, intrinsic thermodynamic variables govern surface morphologies in detachment nanolithography. As temperature was increased to 90°C ͑T g =96°C͒ with the mold in contact with the NPB surface, the mobility of film would be relatively high ͑not sufficient͒ to reach thermodynamic equilibrium. Here, type I morphology was found at a positive S and a higher ratio of work of adhesion ͑W 12 / W 23 Ͼ 1͒. Neither detachment nor dewetting was found at a positive S and a lower ratio of work of adhesion ͑W 12 / W 23 Ͻ 1͒ ͑type II͒. For relatively lower temperatures ͑Ͻ60°C͒, the pattern fidelity was significantly reduced ͑Ͻ50% ͒, which suggests the importance of the detachment temperature. 4 Second, dewetting was observed at a negative S but the resulting pattern was either guided by physical confinement of mold ͑type III͒ or consisted of an array of droplets with an apparent periodicity ͑type IV͒, a typical pattern for dewetting of a thin liquid film. In type III, the droplets were separated and merged along the line direction. Similar structures were reported when a thin polystyrene film dewetted from a silicon substrate under physical confinement of PDMS walls. 10 Sometimes, a regular ordering was observed with an apparent wavelength on gold-coated silicon substrate, which is reminiscent of the Rayleigh instability ͑not shown͒. In type IV, it appears that the droplets were initially formed along the line direction and then merged rapidly without detachment of a film, resulting in randomly distributed droplets, as shown in Fig. 1͑a͒ .
Third, the horizontal demarcation line is clearly dictated by surface tension values that satisfy the operability of detachment lithography ͑W 12 / W 23 Ͼ 1͒ ͑boundary indicated as the solid line͒. The vertical demarcation line, however, is not well defined since there would be a range of S in metastable region that does not induce dewetting ͑boundary indicated as the dotted line͒. The metastable region is mostly determined by extrinsic conditions of detachment lithography such as temperature and pressure. Hence, the phase diagram in Fig.  2͑a͒ is a snapshot for a given temperature and a pressure, heavily depending on processing parameters used in the experiment.
To elaborate on the effects of process parameters, all of the data reported in literature were collected and plotted in Fig. 2͑b͒ with corresponding values of S and W 12 / W 23 .
11 An operating window for detachment nanolithography is indicated as the box ͑filled symbols͒; open symbols indicate no detachment. As shown in the figure, detachment nanolithography can be carried out even at a negative S and a high temperature. This situation is understood in that dewetting in metastable region can be suppressed at an elevated temperature for a period of time and the detachment was enhanced by a higher mobility. Nonetheless, W 12 / W 23 should be larger than unity for faithful pattern formation regardless of the temperatures used in the experiments.
A few comments are in order about the minimum resolution in detachment nanolithography. As the detachment involves scission of the layer, the difference in the adhesion strength has to be larger than the cohesion strength of the detached layer. As a result, a polymer film is always difficult to detach than an organic layer because of high entanglement among chain molecules. 3 Therefore, an accurate prediction on the minimum resolution is not an easy task, which would be a complicated function of intrinsic and extrinsic conditions. Here, one example is demonstrated as to how the detachment pressure affects the pattern resolution. Figure 3 shows the patterning images and the corresponding displacement profiles for three pressures applied onto the surface ͑0.2, 1, and 2 bars͒. Displacement profiles over a repeating unit ͑pitch͒ of a mold were estimated by applying an indentation problem of a punch, yielding 
where is the shear modulus, u z is the displacement, F is the vertical force, is Poisson's ratio, and r is the distance along the horizontal direction. Young's modulus ͑ϳ2 Gpa͒ and Poisson's ratio ͑ϳ0.3͒ of NPB were obtained from literature. 13 The shear modulus was then calculated from the relation = E / 2͑1+͒. Since the PUA material possesses a fairly high Young's modulus ͑Ͼ40 MPa͒ compared to rubbery polymers, the collapse of mold's nanopatterns upon physical contact to a substrate could be negligible. 14 As shown in Fig. 3 , a relatively low pressure of 0.2 bar led to an imprinted pattern with a depth of 1 -2 nm. At this low pressure, an intimate contact might be achieved but the scission of the layer is not aided by the applied pressure. At an intermediate pressure of 1 bar, a detached pattern of high fidelity was obtained, essentially with the same height as that of the original NPB film ͑ϳ80 nm͒. At a high pressure of 2 bars, the whole part of the 70 nm region ͑ϳ5 m wide͒ was peeled off, leaving behind two 200 nm lines with 400 nm spacing at the edge ͑see Fig. 1 for mold geometry͒. These results give an insight into the role of pressure for fabricating dense nanoscale patterns. Of particular interest here is the interaction of pressure distributions underneath the detached layer. It is anticipated that the construction interference could give rise to the detachment of the noncontacting part of the layer. This is clearly demonstrated in the displacement profiles in Fig. 3͑b͒ where the two displacement profiles are overlapped, thereby generating a displacement to the adjacent noncontacting part. This fact indicates that the interspacing between nanopatterns is also an important parameter that needs to be taken into account.
In summary, we have examined the role of and the interplay between thermodynamic and process parameters in detachment nanolithography. Four different regimes of surface morphology were established depending on the spreading coefficient and the ratio of work of adhesion. For an appropriate range of temperature and pressure, a higher work of adhesion ratio ͑Ͼ1͒ can ensure faithful detachment even at a negative spreading coefficient, producing well-defined nanopatterns on the surface. Thus, the control of thermodynamic variables is a key element in detachment-based patterning methods. Also, extrinsic conditions such as temperature and pressure play an important role. When the detachment is carried out at an elevated temperature in a metastable state, the detachment is facilitated by a high mobility of the film without generating droplets. The effects of pressure are also deeply related to faithful detachment and the minimum resolution of the resulting pattern. ͑a͒ Three different nanopatterns and ͑b͒ corresponding displacement profiles with different applied pressures ͑0.2, 1, and 2 bars͒ over a repeating unit ͑pitch͒ of a mold. At a high pressure of 2 bars, the displacement profiles were overlapped, which results in the detachment of the whole layer containing 70 nm patterns. The merged displacement profiles are also shown in the inset.
